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Abstract—We introduce the concept of metasurface spatial
processor, whose transmission is remotely and coherently con-
trolled by the superposition of an incident wave and a control
wave through the metasurface. The conceptual operation of this
device is analogous to both that of a transistor and a Mach-
Zehnder interferometer, while offering much more diversity in
terms of electromagnetic transformations. We demonstrate two
metasurfaces, that perform the operation of electromagnetic
switching and amplification.
I. INTRODUCTION
Over the past decade, metasurfaces [1]–[5] have emerged
as an outgrowth of volume metamaterials [6]–[8], in a similar
fashion as two-dimensional photonic crystals emerged from
three-dimensional photonic crystals about a decade earlier [9],
because of their benefits of reduced loss and easier fabrication.
However, in contrast to what happened in photonic crystals,
dimensional reduction in metasurfaces has brought about en-
riched rather than reduced properties and functionalities.
Metasurfaces are two-dimensional structures composed of
generally nonuniform periodic or quasi-periodic arrangements
of scattering particles engineered to transform the scattered
field according to specifications when illuminated by a spec-
ified incident field. Their structure is fundamentally similar
to that of frequency selective surfaces [10], but they exhibit
many more processing capabilities (e.g. generalized refraction,
birefringence, orbital angular momentum multiplexing, spatial
dispersion processing, etc.) by exploiting a larger number of
degrees of freedom, in particular nonuniformity and various
additional features such as nonreciprocity and bianisotropy.
Several synthesis techniques have been recently developed to
synthesize such metasurfaces [11]–[15].
We present here the concept of a metasurface spatial pro-
cessor, that may be seen as a functional extension of both the
Mach-Zehnder interferometer [16] and the transistor [17]. As
these devices, this metasurface spatial processor can perform
switching and amplifying operations under the application of
an external control signal. However, it additionally provides
the capabilities of performing these operations remotely, using
an electromagnetic control wave, and of providing the whole
range of aforementioned metasurface spatial wave transforma-
tions.
The remote nature of the control in this metasurface de-
vice contrasts with the local control of previously reported
tunable metasurfaces based on electrically tuned scattering
particles [18]–[21], while its Mach-Zehnder and transistor
functionalities are totally distinct from those of previously
reported optically controlled nonlinear metasurfaces [22], [23].
The metasurface spatial processor modulates the incident wave
via a coherently superimposed control wave, as done in [24]
where the addition of coherent wave on the transmit side
of the metasurface is used to suppress undesired reflected or
transmitted waves.
The paper is organized as follows. First, we introduce the
concept of the metasurface spatial processor. Next, we discuss
its implementation of the switching and amplifying operations.
Then, we addresses the mathematical synthesis as well as the
physical realization of the metasurface. Finally, we present
full-wave simulations and experimental results that confirm
the expected theoretical results. The time convention e´iωt is
assumed throughout the paper.
II. METASURFACE SPATIAL PROCESSOR CONCEPT
The metasurface spatial processor concept is represented in
Fig. 1 as an extension of both the Mach-Zehnder interferom-
eter and the transistor. We suggest here that a metasurface,
with its rich field transformation capabilities, represents an
ideal opportunity to extend the Mach-Zehnder and transistor
devices for complementary and additional functionalities.
The conceptual operation of a conventional transistor is
represented in Fig. 1a, while that of the metasurface spatial
processor is represented in Figs. 1c and 1d. In the latter case,
the incident wave, that illuminates the metasurface, plays the
role of the DC bias (Fig. 1c) of the transistor. The incident
wave opens an “electromagnetic channel,” and this channel can
be modulated by the application of a control wave (Fig. 1d)
that modifies the wave transmitted by the metasurface, in
a similar fashion as the DC bias of a transistor opens its
semiconductor channel that may be next modulated by the
application of a dynamic voltage (Fig. 1a).
The Mach-Zehnder interferometer shown in Fig. 1b is
an integrated version of the original Mach-Zehnder that is
composed of beam splitters and mirrors. This device may be
used as an optical modulator as well as an optical switch. Its
operation may be summarized as follows. First, the input wave
is split into two beams, a reference beam and a modulation
beam whose phase shift (φ) may be controlled. Then, the two
beams are recombined coherently to form the output wave
as a modulated version of the input wave. The metasurface
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spatial processor operates in a similar fashion. In addition,
as previously mentioned, the coherent superposition of the
incident wave and the control wave on the metasurface allows
for a sophisticated spatial control scattered waves with a
great diversity of possible transformations. For instance, the
application of the control wave may be used to deflects the
transmitted wave, as shown in Figs. 1c and 1d.
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Fig. 1: Metasurface spatial processor as a conceptual func-
tional extension of both the Mach-Zehnder interferometer and
the transistor. (a) Transistor. (b) Mach-Zehnder interferometer.
(c) Unmodulated metasurface spatial processor transforming
an input (incident) wave into an arbitrary output (transmitted
and/or reflected) wave. d) Metasurface spatial processor in the
modulated regime, where the output wave is modified by a
remote control wave interfering on the metasurface with the
input wave.
Note that the operation example in Figs. 1c and 1d only
represents a particular spatial processing operation. In gen-
eral, the superposition of the incident and control waves can
manipulate the amplitude, the phase, the polarization, and the
direction of refraction of the reflected and transmitted waves
in an almost arbitrary fashion [12]. The metasurface may also
include nonlinear and time-varying elements for transforming
the temporal spectrum of the input wave.
III. SWITCH-AMPLIFIER ILLUSTRATION
To illustrate the metasurface spatial processor concept, we
will present the case of a switch-amplifier processor. In this
device, the switching operation is achieved by destructive
interference between the incident wave pEiq and the control
wave pEcq while linear amplification is obtained by tuning
the phase of the control wave. In this scenario, assuming that
the waves propagate along the z-direction with propagation
constant k, the amplitude of the transmitted wave pEtq changes
according to
Et “ E`i `Ec` “ eikz`eikz`iφ “ 2eikz`iφ{2 cos
ˆ
φ
2
˙
, (1)
where E`i and Ec` denote the incident and the control waves,
respectively, in the transmit side of the system, and where φ
is the phase difference between E`i and Ec` . The amplitude
of the transmitted wave therefore spans the range between 0
and 2, which, in the latter limit, corresponds to a gain of 2
compared to the amplitude of the transmitted wave when only
Ei is illuminating the metasurface.
Because the incident wave and the control wave may
impinge on the metasurface under different angles, the meta-
surface must be able to transform the two waves indepen-
dently. Therefore, these waves must have mutually orthogonal
polarizations on the incident side of the metasurface. However,
since they must interfere on the transmit side, the polarization
of the control wave must be rotated to match the polarization
of the incident wave. In such circumstances, the metasurface
differently affects the x and y polarizations (birefringence)
and rotates one polarization without affecting the other one
(anisotropic chirality).
In order to realize this operation, two metasurface configu-
ration are considered. The first configuration, shown in Fig. 2a,
represents the simplest case, where the incident wave and the
control wave are both normally incident on the metasurface.
As may be seen in the figure, on the left-hand side of the
metasurface, the control wave is p-polarized while the incident
wave is s-polarized. The metasurface is designed to pass
both waves with the same transmission coefficient to ensure
complete power extinction or maximal amplification. On the
right-hand side, the polarization of the control wave is rotated
so that both transmitted waves are s-polarized to interfere. In
this scenario, the phase difference between E`i and Ec` is such
that the control wave suppresses transmission by destructive
interference pφ “ piq. The second configuration, shown in
Fig. 2b, performs the same operation but for the case of an
obliquely impinging control wave, that spatially separates the
incident and control wave sources, as may be required in
practical systems.
An important feature of the processor in Fig. 2 is that
its efficiency is inherently limited by reciprocity. This may
be understood by considering a normally incident s-polarized
wave impinging on the metasurface from the right in Fig. 2a,
as shown in Fig. 3. Because the metasurface transforms
the incident and control waves with the same transmission
coefficient, by design specification, the power of the incident
wave in Fig. 3 equally splits into two orthogonally polarized
waves. Therefore, using the concept of scattering parameters
and denoting the left-hand side of the metasurface as port
1 and its right-hand side as port 2, the tensorial backward
transmission coefficient S12 reads
S12 “
˜
Spp12 S
ps
12
Ssp12 S
ss
12
¸
“
?
2
2
˜
0 ´1
0 1
¸
, (2)
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Fig. 2: Representations of two illustrative switch-amplifier
metasurface spatial processors. In (a), the incident and control
waves are both normally incident on the metasurface. The
polarization of the control wave is rotated by 90˝ to match
the polarization of the incident wave. A pi-phase shift is
imposed between the two transmitted waves so that they
cancel out by destructive interference. In (b), the control
wave is obliquely impinging on the metasurface, to avoid
the unpractical collocation of the incident and control wave
sources.
where Spp12 corresponds to the backward transmission coeffi-
cient from parallel to parallel polarization, Sps12 corresponds
to the backward transmission coefficient from perpendicular
to parallel polarization, etc. Note that the phase difference φ
can be either present in the control wave or induced by the
metasurface, as is here the case (minus sign in Sps12). It follows,
by reciprocity, that the transformation in Fig. 2a is given by
S21 “ S
:
12 “
˜
Spp21 S
ps
21
Ssp21 S
ss
21
¸
“
?
2
2
˜
0 0
´1 1
¸
, (3)
where : is the transpose operator. This results that the device
has a power efficiency that is limited to 50% and that reflec-
tion is unavoidable if the metasurface is reciprocal. Similar
considerations apply in the oblique incidence case of Fig. 2b.
z
50%
50%
Fig. 3: Normally incident s-polarized wave impinging on the
metasurface from the right (negative z-direction) in Fig. 2a.
The incident wave is transformed, by design, into two mutually
orthogonal waves with equal amplitude.
IV. METASURFACE DESIGN
This section presents the design of the metasurfaces shown
in Fig. 2, using the synthesis technique detailed in [12]. First,
the metasurface is described as terms of surface susceptibility
tensor continuous functions of space, and it is next discretized
into an nonuniform array of scattering particles.
A. Surface Susceptibility Synthesis
A metasurface, assumed to be subwavelength in thickness,
may be modeled as a strictly zero-thickness sheet [12]. Such a
sheet may be effectively described as an electromagnetic spa-
tial discontinuity characterized by generalized sheet transition
conditions (GSTCs) [25], [26]. For a metasurface lying in the
x´ y plane at z “ 0, the GSTCs read
∆H ˆ zˆ “ iωP‖ ` zˆ ˆ∇‖Mz, (4a)
zˆ ˆ∆E “ iωµM‖ `∇‖
ˆ
Pz

˙
ˆ zˆ, (4b)
zˆ ¨∆D “ ´∇ ¨ P‖, (4c)
zˆ ¨∆B “ ´µ∇ ¨M‖, (4d)
where P and M are the electric and magnetic polarization
densities, respectively. The operator ∆ denotes the difference
of the specified fields between the two sides of the metasur-
face. The equations (4a) and (4b) may be transformed into a
set of linearly coupled equations if its characterized by purely
surface susceptibility elements pPz “ Mz “ 0q. In that case,
substituting P and M by their general bi-anisotropic defini-
tion via the susceptibility tensors χee, χmm, χem and χme [27],
Eqs. (4) reduce to
∆H ˆ zˆ “ iωχeeEav ` ikχemHav, (5a)
zˆ ˆ∆E “ iωµχmmHav ` ikχmeEav, (5b)
where the polarizations densities have been expressed in terms
of the arithmetic averaged of the specified fields at the two
sides metasurface [26].
The system (5) may be exactly solved to provide the meta-
surface surface susceptibilities for arbitrary specified incident,
reflected and transmitted fields [12]. For the transformation in
Fig. 2a, the metasurface is uniform in the x ´ y plane since
all the waves are specified to be normal to the metasurface.
In that case, the reflection coefficient tensors have the form
S11 “
?
2
2
˜
0 eiφps
eiφsp 0
¸
, S22 “
˜
eiφpp 0
0 0
¸
, (6)
where φab (a,b“s,p) are reflection phases corresponding to the
specified polarizations, which may be left as free parameters
as they are not essential for the required transformations. The
metasurface susceptibilities can be straightforwardly found by
inserting the electromagnetic fields corresponding to (2), (3)
and (6) into (5). The corresponding metasurface is fully bi-
anisotropic, with 16 non-zero susceptibility tensor elements,
which are omitted here for briefness. The oblique control
transformation in Fig. 2b can be analyzed in a similar fashion,
except that the metasurface in that case becomes non-uniform,
leading to more complicated susceptibilities tensor functions.
B. Scattering Particle Synthesis
The next step of the metasurface design consists in dis-
cretizing the susceptibility tensor functions and finding the
appropriate scattering particles corresponding to each point of
the resulting lattice. We use here a scattering particles made
of three metallic Jerusalem cross layers held together by two
dielectric spacers, as shown in Fig. 4. Three metallic layers
are required to provide full magnitude range (0´1) and phase
range (0 ´ 2pi) transfer functions [13], while the Jerusalem
cross exhibits relatively well decoupled x and y polarization
responses, which simplifies the implementation procedure.
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Fig. 4: Generic unit cell with three metallic Jerusalem crosses
separated by dielectric slabs.
To find the appropriate particle shapes, scattering from the
particles is simulated using a commercial software. Coupling
between neighboring particles is taken into account using peri-
odic boundary conditions (PBCs) in the x´y plane along with
Floquet ports. The simulations yield the tensorial scattering
parameters (S11, S21, etc.) of each scattering particle, which
are then related to the original specifications of the metasurface
transfer function for determining the particle parameters by
iterative analysis [12].
For instance, the specifications for the uniform, and hence
perfectly periodic, metasurface of Fig. 2a are directly ex-
pressed in terms of the scattering parameters (2), (3) and (6),
that may be straightforwardly related to the simulated scat-
tering parameters. In more complicated designs, as that in
Fig. 2b, the susceptibilities are spatially varying in the plane
of the metasurface and the initial specifications are given
in terms of the electromagnetic fields on the metasurface
instead of the scattering parameters, in which case more
complex susceptibilitiy-scattering mapping techniques must be
used [12], [13].
V. FULL-WAVE AND EXPERIMENTAL RESULTS
This section reports the simulation and the experimental
results pertaining to the two metasurfaces described in the
previous two sections. We first consider the metasurface pro-
cessor with the normally incident control wave (Fig. 2a), and
next that with the obliquely incident control wave (Fig. 2b).
A. Normally Incident Control
The (periodically repeated) scattering particle required to
satisfy the specifications has been implemented following the
design procedure outlined in Sec. IV, and is shown in Fig. 5a.
As seen in this figure, the middle metallic Jerusalem cross is
rotated by 45˝ with respect to the outer layer Jerusalem crosses
in order to produce the chirality that is required to rotate the
polarization of the control wave. The fabricated metasurface
is shown in Fig. 5b.
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Fig. 5: Switch-amplifier spatial metasurface processor with
normally incident control wave (Fig. 2a). (a) Three-layer
unit cell designed for an operating frequency of 15 GHz.
(b) Fabricated structure, composed of 17 ˆ 18 unit cells, in
the measurement setup.
The numerical simulations of the spatial metasurface pro-
cessor in Fig. ?? are plotted in Fig. 7 for the p-polarized waves
and in Fig. 6 for the s-polarized waves. In the Figs. 7a and 6a
only the control wave is illuminating the metasurface. In both
figures, plots (a), (b) and (c) represent the control wave only,
the incident wave only, and the superposition of the incident
and control waves, respectively, while the arrows indicate the
direction of wave propagation.
Figure 7a shows the control wave (initially p-polarized)
that is normally incident onto the metasurface. Since the
metasurface rotates the polarization of this wave by 90˝,
none of its p-polarized component is transmitted. We see in
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Fig. 6: Full-wave simulated s-polarized fields in the structure
in Fig. 9a. The arrows indicate the direction of wave propa-
gation. The metasurface is located in the plane z “ 0. In (a),
only the control wave (initially p-polarized, not shown here)
is present, and is partially reflected and transmitted by the
metasurface. In (b), only the incident wave is present. In (c),
both the incident wave and the control wave are present, and
transmission across the metasurface is effectively cancelled by
destructive interference.
Fig. 6a that the control wave is effectively transformed into s-
polarization, almost half of it being reflected and the other half
being transmitted. Figure 6b shows the incident wave (initially
s-polarized) impinging on the metasurface, with half of it being
transmitted without rotation of polarization and the other half
being reflected with p-polarization, as shown in Fig. 7b. One
should notice that, the incident and control waves on the right-
hand sides of Figs. 6a and 6b have both the same amplitude but
opposite phases. As a result, as the two waves simultaneously
imping on the metasurface, they destructively interfere at the
output so as to suppress power transmission, as evidenced in
Fig. 6c.
The experimental results are presented in Fig. 8, where
the metasurface of Fig. 5b is illuminated by the incident
wave, the control wave and the combination of the two.
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Fig. 7: Same as in Fig. 6 but for p-polarized fields. In (a),
no s-polarized transmission is visible because the metasurface
rotates the polarization of the control wave. In (b), the field
present on the left-hand side of the metasurface is purely due
to the rotated reflection of the incident wave.
The spatial metasurface switch exhibits an isolation of over
35 dB. The corresponding spatial metasurface amplification
results, obtained by tuning the phase of the control signal for
constructive interference at the output, are not shown here for
the sake conciseness.
B. Obliquely Incident Control
To take into account the metasurface spatial variations,
the susceptibility tensor transfer function has been discretized
into four distinct unit cells, forming a supercell, as shown in
Fig. 9a. The corresponding fabricated metasurface is shown in
Fig. 9b. From an intuitive perspective, each of the four unit
cells induces a different phase shift for the control wave so that
this wave gets normally transmitted across the metasurface.
The phase shift between adjacent unit cells is pi{2 in order for
the four unit cells to cover a complete phase cycle. Note that,
due to symmetries, only the two unit cells on the left-hand side
of Fig. 9a were designed, while the two on the right-hand side
are their rotated counterparts.
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Fig. 8: Experimental results for the metasurface of Fig. 5b
with the metasurface illuminated by the incident wave (con-
tinuous blue line), the control wave (dashed red line) and the
combination of the two (dashed-dot black line) at 15 GHz.
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(b)
Fig. 9: Switch-amplifier spatial metasurface processor with
obliquely incident control wave (Fig. 2b). (a) Representation
of the supercell composed of four unit cells, the structure is
realized for an operating frequency of 10 GHz. (b) Fabricated
structure, with 17 ˆ 18 unit cells, on the measurement stage.
The black box indicates where the supercell is on the meta-
surface and how it is periodically repeated.
The design procedure requires each unit cell to be simulated
in a perfectly periodic and uniform environment. However, the
final metasurface is not uniform due to the spatially variant
nature of the specified transformation. Therefore, when the
unit cells are combined together to realize the final structure,
the coupling between them will differ from the original
simulations. Consequently, the metasurface response exhibits
some undesired scattered fields compared to the expected ideal
specifications. These effects may be suppressed with more
intensive design efforts.
The numerical simulations of the metasurface are presented
in Fig. 11 for the p-polarized waves and in Fig. 10 for the
s-polarized waves. The control wave (initially p-polarized) is
obliquely incident on the metasurface with a 50˝ angle, as
shown in Fig. 11a. Since the metasurface rotates the polariza-
tion of the control wave, almost no p-polarized component is
transmitted (at the exception of a small parasitic transmission
and reflection). In Fig. 10a, we see that the control wave is
effectively transformed into s-polarization and that almost half
of the wave is normally transmitted. In Fig. 10b, the incident
wave (initially s-polarized) is incident on the metasurface and
half of it is transmitted without rotation of polarization. The
other half of the incident wave is mostly reflected at an angle
with p-polarization, as shown in Fig. 11b. One should notice
that, on the right-hand side of Figs. 10a and 10b, the incident
wave and the control wave have both the same amplitude
but opposite phases. When the two waves are simultaneously
impinging on the metasurface, the results is a cancellation of
all s-polarized transmitted power, as evidenced in Fig. 10c.
Finally, the experimental results are presented in Fig. 12,
where the metasurface of Fig. 9b is illuminated by the incident
wave (smooth line), the control wave (dashed line) and the
combination of the two (dot-dashed line). When the two waves
are simultaneously present, the cancellation of the transmitted
wave is clearly visible.
VI. CONCLUSION
We have presented and discussed the concept and imple-
mentation of a metasurface spatial processor, whose trans-
mission can be engineered by the application of an elec-
tromagnetic control wave. The coherent superposition of the
incident wave and the control wave through the metasurface
is analogous to the conceptual operation of both a transistor
and a Mach-Zehnder interferometer. We have demonstrated
two metasurfaces operating as electromagnetic switches or
amplifiers. The proposed concept may be extended to a great
diversity of electromagnetic modulated wave transformations.
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